SUMMARY
Anaesthetized, laterally recumbent horses were found to have large alveolar-arterial oxygen tension differences. These differences had a rapid onset following the induction of anaesthesia and remained constant during the anaesthetic period both in horses breathing spontaneously and in those subjected to intermittent positive pressure ventilation. It is suggested that the differences may result from mismatching of ventilation and perfusion due to the effect of gravity on the pulmonary circulation and restricted ventilation of the lower lung. The large fall in cardiac output found may, if unaccompanied by a decrease in oxygen utilization, augment the alveolar-arterial oxygen tension differences by causing a decrease in the mixed venous oxygen tension.
General anaesthesia has been shown to result in an increase in the alveolar-arterial oxygen tension ((A-a)Po 3 ) difference to well above that found in conscious, spontaneously breathing human patients (Campbell, Nunn and Peckett, 1958; Frumin et aL, 1959; Stark and Smith, 1960; Nunn, 1964; Sykes, Young and Robinson, 1965; Nunn, Bergman and Coleman, 1965; Bergman, 1967) and it has been suspected that similar changes occur when general anaesthesia is induced in horses and cattle. These animals not infrequently show cyanosis while breathing oxygen-rich mixtures of anaesthetic gases or vapours and this cyanosis cannot always be remedied by intermittent positive pressure ventilation of the lungs.
The (A-a)Po 2 difference in conscious individuals may be attributed to additive effects of diffusion limitation, ventilation-perfusion abnormalities and venous admixture (Rahn and Farhi, 1964) but it seems unlikely that diffusion limitation contributes appreciably to the condition at the inspired oxygen tensions customarily used in anaesthesia. The increase in the (A-a)POj difference during anaesthesia is probably due to an increased imbalance of ventilation and perfusion within the lungs, coupled with a reduction in cardiac output (Prys-Roberts, Kelman and Greenbaum, 1967; Kelman et al., 1967) .
The studies reported here were of a preliminary nature and designed to suggest lines of investigation which might enable the importance of the various factors contributing to the (A-a)Po, difference in anaesthetized horses to be assessed. They were particularly relevant to situations frequently encountered in veterinary anaesthesia where the anaesthetized animal lies on either its right or left side for 2 or more hours.
MATERIAL AND METHODS
Four 5-year-old geldings weighing between 461 and 555 kg were used in these experiments. The right carotid artery of each horse had been raised surgically, some months previously, to a subcutaneous position on the lateral surface of the sternocephalicus muscle by a method similar to that described by Butler (1962) . Each animal was used for two experiments. In the first it was allowed to breathe spontaneously throughout the anaesthetic period. In the second, at least one week later, it was anaesthetized, paralyzed with 75-90 mg of intravenous tubocurarine chloride and ventilated with the anaesthetic gas mixture using the apparatus described by Fowler and his colleagues (1963) . This apparatus is a circle absorber utilizing seven 5-litre rebreathing bags instead of one large one. The rebreathing bags are contained in an airtight drum and the pressure inside this drum can be varied using a Bird Mark 7 respirator when intermittent positive pressure is required. Spontaneous breathing was restored at the end of each of these experiments by the intravenous injection of atropine sulphate Downloaded from https://academic.oup.com/bja/article-abstract/40/8/560/265084 by guest on 24 June 2018 30 mg and of neostigmine methyl sulphate 10-20 mg, together with appropriate adjustment of the pulmonary ventilation following customary anaesthetic methods.
Depending on the temperament of the individdual horse, premedication consisted of acepromazine 10-15 mg given by deep intramuscular injection. Twenty to thirty minutes later 1 per cent lignocaine hydrochloride was infiltrated in the skin and subcutaneous tissues to allow the painless introduction of a 13 s.w.g. plastic cannula into the right carotid artery and a 3-hole, 176 cm long cardiac catheter, through a cannula into the right jugular vein. Blood for calibration purposes was collected from the jugular vein cannula using heparin as anticoagulant. The cardiac catheter was advanced until its tip lay in the pulmonary artery as determined by the pulse wave form and relative pressures. The arterial cannula and cardiac catheter were connected to Statham P23DB pressure transducers by 120-cm lengths of polyethylene tubing (PE260). The pressure transducers were placed at the level of the olecranon process in the standing horse and at the level of the sternum after the induction of anaesthesia. All measurements were recorded and displayed on a Model DR-8 Multitrace Recorder (Electronics for Medicine Inc., White Plains, N.Y.).
After obtaining control values for the carotid and pulmonary artery blood pressures the arterial cannula was connected to a densitometer cuvette (XC-250A; Waters, Rochester, Minn.). Blood was drawn through the cuvette by a constant flow system (Model 105-5, Gifford Instrument Labs., Oberlin, Ohio) at a rate of 24.7 ml/min. Indocyanine green (Cardiogreen;Hynson,Westcott and Dunning Inc., Baltimore, Md.) 50 mg in 4 ml diluent was injected via the cardiac catheter into the pulmonary artery. This injection, approximately 1 second in duration, was followed by flushing with 30 ml of normal saline solution. The time-concentration curve of the dye in the blood drawn through the cuvette was recorded at a paper speed of 2.5 cm/sec Standardization was accomplished by the procedure of Nicholson and Wood (1951) .
Immediately after obtaining the control dye curve, arterial and pulmonary blood samples were collected anaerobically in heparinized 10 ml syringes. The arterial cannula and pulmonary artery catheter were then reconnected to the pressure transducers. Attempts were made to measure the tidal and minute volumes and to collect the expired air while the blood samples were being drawn but only one horse would tolerate the face mask used and even this animal only permitted the procedure to be carried out on one occasion without getting excited.
Immediately after reconnection of the pressure transducers the animal was restrained in a special chute which allowed it to be brought over on to its left side in a controlled manner as soon as anaesthesia was induced. This necessary restraint unfortunately produced some apprehension or fright in spite of every effort being made to minimize the disturbance to the animal.
During the first experimental series anaesthesia was induced by the rapid intravenous injection of methohexitone sodium 2.5 g, followed by suxamethonium chloride 50 mg. As soon as consciousness was lost the animal was turned on to its left side, intubated with a cuffed endotracheal tube (2.5 cm Ld) and plate electrodes applied to the limbs for recording of the electrocardiogram. A dye-dilution curve was obtained as soon as possible after the induction of anaesthesia and arterial and mixed venous blood samples drawn as before. While the dye curve was being recorded the endotracheal tube was connected to a Fleisch pneumotachograph head and the tidal and minute volumes recorded-Immediately after withdrawal of the blood samples the arterial cannula and pulmonary artery catheter were reconnected to the pressure transducers.
Next, the endotracheal tube was connected through the Fleisch pneumotachograph head to the anaesthetic apparatus and the induction of anaesthesia completed with a halothane/oxygen mixture. Halothane concentrations were monitored continuously using a Fluothane monitor (Analytical Systems Co., Pasadena) sampling from the endotracheal tube near to the pneumotachograph head. Expired carbon dioxide concentration, was also monitored continuously using an LB-1 Beckman medical gas analyzer sampling from the same site. After about 20 minutes, when anaesthesia was judged to be stable (with a steady end-expired halothane concentration of about 0.8 per cent) a third dye curve, a set of blood samples, respira-tory recordings and a collection of exhaled gas were obtained. The manipulations involved occupied between 3 and 5 minutes and blood pressure recordings were made immediately before and afterwards.
Anaesthesia was maintained on an even plane by keeping the end-tidal haJothane concentration stable. Further dye curves and observations were made 1 hour and 2 hours after the third dye curve had been obtained.
A similar sequence was followed for the second experiment with each horse but once stable halothane anaesthesia had been established tubocurarine was administered and the animal ventilated with the anaesthetic mixture for 5 minutes before the injection of the third dose of dye. Intermittent positive pressure ventilation of the lungs with no sub-atmospheric phase was continued over the next 2 hours, ventilation being-adjusted from time to time by altering the pressure applied to the airway (between the limits of 30-40 cm H^O) to maintain a constant end-expired carbon dioxide concentration.
The dye dilution curves were replotted on semi-logarithmic graph paper and the parameters were analyzed according to the method of Keys, Hetzel and Wood (1957) . Cardiac output was calculated together with the stroke volume and stroke index.
Expired carbon dioxide tension (PEco.) and oxygen tension (PEo 2 ) were determined by collecting six complete exhalations into a meteorological balloon, and, after thorough mixing, estimating the carbon dioxide and oxygen contents of this gas. Inspired oxygen and carbon dioxide tensions (Pio 2 and PI002) were obtained from samples drawn from the inspiratory side of the anaesthetic apparatus.
Arterial and pulmonary artery blood pH, Po, and Pco 3 and the Pio 2 , Pictnj PEO-and PEOOJ were estimated using a Model 160 Beckman physiological gas analyzer. All syringes containing blood samples were kept in iced water and all estimations were completed within 1 hour of sample collection. The blood gas electrodes were calibrated using accurately analyzed mixtures of oxygen and carbon dioxide, and for the estimation of the blood oxygen tensions the appropriate correction factor was applied (Severinghaus, 1966) . Alveolar oxygen tension (PAQJ) during anaesthesia with the animal breathing oxygen/ anaesthetic mixture was calculated from the formula PAo,=(PB-47)-Pi(hal)-Paco 1 where (PB -47) = barometric pressure -water vapour pressure at 37°C; Pi(hal)=partial pressure of halothane in inspired gas; and Paco a = arterial carbon dioxide tension.
The ratio of the physiological deadspace (VD) to tidal volume (VT) was calculated from the formula VD/VT=(Pa OOj -PEccVPaco, The rectal temperature of the horses was noted every 15 minutes throughout each experiment, using an ordinary clinical thermometer.
RESULTS
Horses which were obviously upset by the restraint imposed immediately before the induction of anaesthesia had an increased cardiac output following the injection of the barbiturate and relaxant, but this did not persist throughout anaesthesia. The general trend of the cardiac output is illustrated in figure 1 , and the calculated outputs, stroke volumes and stroke indices are shown in table I. Halothane anaesthesia was associated with a marked reduction in cardiac output in all experiments and this reduction appeared to be greater when intermittent positive pressure ventilation of the lungs was used.
Mean carotid artery blood pressures in both the spontaneously breathing and ventilated horses showed an initial fall, followed by recovery to very near the pre-anaesthetic values. There appeared to be no regular pattern in the changes in the mean pulmonary artery pressures (table II) .
Before anaesthesia, while the horses were standing and breathing air, the mean (A-a)Po 2 difference was 18 mm Hg (SD 7.0). Observations made as soon as possible after the induction of anaesthesia and endotracheal intubation, but before connection to the anaesthetic apparatus, demonstrated a mean (A-a)Po t difference of 37 mm Hg (SD 13). Once stable anaesthesia was attained the difference was very great, larger values being found when the horses were breathing spontaneously (table HI) . bloods of the horses during the 2^-hour periods of halothane anaesthesia. During these experiments the horses' rectal temperatures were always found to be between 37.3 and 37.8 °C.
The ratios of calculated psysiological deadspace to tidal volume are shown in figure 2 and the arterial to end-tidal air carbon dioxide tension differences in seven of the eight experiments are shown in table V. It was not always possible to record the end-tidal air carbon dioxide tension immediately after induction of anaesthesia even in these seven experiments and this value was never obtained from conscious horses.
DISCUSSION
This series of experiments confirmed the existence of a large (A-a)Po 3 difference in horses anaesthetized with a methohexirone sodium-suxamethonium chloride-halothane/oxygen sequence while lying in left lateral recumbency. This difference was much greater than that found when the animals were conscious and standing, and was almost as large when the horses were ventilated artificially as when they were breathing spontaneously under halothane/oxygen anaesthesia. Although the artificial ventilation resulted in almost normal Paco 2 values and an increase in Pao,, the (A-a)Po 2 difference was still of the order of 250 mm Hg. The increase in (A-a)Po, difference seen immediately after the horse became recumbent following the injection of the methohexitone and relaxant was associated with a rise in Paoo, and was thus probably due to hypoventflation at this time. Bendixen, Hedley-White and Laver (1963) have suggested that in anaesthetized human subjects an increased (A-a)Po a difference results from progressive miliary atelectasis. This would seem to be an unlikely explanation for the differences found in these horses because these large differences which developed quite rapidly after induction showed no sign of progressive increase during the 2i hours of halothane anaesthesia.
The main factor in the production of the (A-a)Po, differences found at the PAO, levels produced during these experiments would appear to be a great increase in pulmonary venous admixture. This might result from mismatching of ventilation and perfusion and/or the opening up of the arteriovenous communicating vessels in the lungs. It is possible that the gravitational force gradient from the top to the bottom of the lungs acting on the pulmonary circulation of the laterally recumbent horses causes over-perfusion of the lower lung and under-perfusion of the upper lung. Ventilation, on the other hand, may well be mechanically restricted in the lower lung and adequate in the upper lung.
The experimental results offer some very slight evidence in favour of these suppositions. First, the large Pco 3 difference between the arterial blood and the end-tidal air is suggestive of a large alveolar deadspace such as might be attributed to the postulated condition which would give rise to a "shunt-effect". However, in the horse, because of the large bore of the airways, it is possible that the end-tidal air does not represent the true mixed alveolar air because of dilution with inspired or deadspace air. Secondly, although the large VD/VT ratios found suggest great wastage of alveolar ventilation, it must be noted that a large ratio was also found on the one occasion when it was possible to determine its value in a conscious horse (fig. 2) .
It is unfortunate that the blood oxygen contents cannot be calculated from the data obtained in these experiments. A survey of the literature failed to reveal the precise nature of the oxygen dissociation curves for horse blood and the oxygen-carrying capacity of horse haemoglobin cannot be stated with any degree of certainty.
Moreover, large and as yet unexplained differences have been found in the haemoglobin contents of blood samples drawn simultaneously from the carotid and pulmonary arteries of anaesthetized horses (Monahan, 1965) and in these experiments the haemoglobin concentrations in all the blood samples were not measured. Clearly, had this been done, or had a Van Slyke apparatus been available, it would have been possible to estimate the magnitude of the shunt effect while the animals were breathing spontaneously and during positive pressure ventilation. It is hoped that future investigations will allow these estimations to be made. The reduction in cardiac output seen in these experiments appeared to be associated with the administration of halothane rather than the other agents used, and seemed to be greater in the experiments involving intermittent positive pressure ventilation of the lungs. This effect of artificial ventilation may have been due to a decrease in the venous return to the heart resulting from an increase in the mean intrathoracic pressure caused by characteristics of the anaesthetic apparatus and ventilator. It could also have been related to the lower Paco 2 levels resulting from the ventilation (Prys-Roberts, Kelman and Greenbaum, 1967; Kelman et al., 1967) . The oxygen tension of the mixed venous blood (Pv 02 ) was lower in the ventilated horses despite their higher Pao, levels, presumably due to an increased extraction of oxygen from the blood by the tissues necessitated by the reduced cardiac output (and hence rate of tissue perfusion). It would seem desirable to confirm the causal relationship between cardiac output and (A-a)Po 2 differences during changes of Paco 2 in horses anaesthetized with other agents and at different levels of PAo 2 -
The results of these experiments show that under conditions commonly encountered in veterinary anaesthesia where the laterally recumbent horse breathes spontaneously under halothane/ oxygen anaesthesia there is marked under-ventilation as shown by the high Pacoi and low pH and Pao 2 levels. It is probable that central respiratory depression contributed to the hypoventilation in these experiments for surgical stimulation was found to produce blood gas tensions nearer to calculated alveolar tensions in anaesthetized horses breathing spontaneously through the same anaesthetic apparatus. However, central respiratory depression is probably less important than mechanical restriction to expansion of the lower lung for a limited series of observations (Hall, 1968, unpublished) has shown that anaesthetized small ponies generally have blood gas tensions nearer the estimated alveolar tensions than do large horses under similar conditions of anaesthesia.
DIFFERENCES DE LA TENSION D'OXYGENE AU NIVEAU ALVEOLAIRE-ARTERIEL CHEZ DES CHEVAUX SOUMIS A L'ANESTHESIE

SOMMAIRE
On a trouv£ que sous anesthesie des chevaux couches sur le c&ti montraient de grandes differences de la tension d'oxygene au niveau alveblaire-ertericL Ces differences s'etablissaient de facon rapide suivant l'inductkm de Panesthesie soit chez les chevaux respirant spontanement, soit chez ceuz soumis a une ventilation par une press ion positive intermittent^. On a pense' que les differences pouvaient resulter d*une d£fectuosit£ de ventilation et de perfusion c&usi par un effet de la gravity sur la circulation pulmonaire et de la reduction de la ventilation du poumon inferieur. On peut remarquer une grandc chute du dibit cardiaque lorsque non accompagnee par une diminution de l'utilisatkm d'oxygene, elle pourrait augmenter les differences de tension de l'oxygene au niveau alveolaire-arteriel en causant une diminution dans la tension de l'oxygene veineux melange^U 
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BARSKY PROJECT IN SAIGON
A hospital for the treatment of children and for the training of Vietnam surgeons in plastic surgery has been designed by Dr. Barsky of New York and is being completed in Saigon. Finances are entirely provided by C.M.R.Inc, the scheme is absolutely non-political, is independent of the British effort in Saigon, and the staff are being provided from U.S.A., Great Britain and Vietnam. The teams will be mixed and when hostilities are over all equipment will be handed over with the buildings and a trained native staff to the Government of the country.
From Great Britain we are asked to send Consultant Plastic Surgeons, Consultant Anaesthetists with special experience, plastic surgical registrars and senior registrars and nursing staff. Periods of service will vary from three months (minimum) to one year (maximum).
Remuneration will be on a scale that will permit the payment of a locum tenens during the term abroad and will be based on earnings at home + 10 per cent for the first 42 days and + another 25 per cent after this. Each recruit will travel at expense of C.M.RJ. and will be insured up to 50,000 dollars by them. 
